Anterior cruciate ligament (ACL) injuries lead to great morbidity in sports and daily life activities and may cause instability of the knee joint, leading to meniscus injuries and the subsequent development of degenerative joint disease[@b1]. Reconstruction surgery is chosen for ACL injuries in most cases because of the limited capacity of these injuries for self-healing. The pivotal healing process after ACL reconstruction largely depends on the integration of the graft with the host bone[@b2][@b3][@b4]. However, slow and incomplete healing of the tendon-to-bone interface may result in inferior functional rehabilitation and even worse osteoarthritic changes[@b5][@b6][@b7]. Thus, it is important to explore better strategies to accelerate and improve tendon-to-bone healing.

The gene transfer of therapeutic factors has been intensively developed to accelerate the early healing of the tendon-to-bone interface, which overcomes the limitations of the direct use of growth factors, including repeated applications and the short biological half-life of these proteins, and ensures a sustained delivery of growth factors at the injury site[@b8]. Basic fibroblast growth factor (bFGF) has been widely acknowledged for substantial roles in numerous cellular functions, including cell proliferation, angiogenesis, and tissue remodeling[@b9][@b10][@b11][@b12]. However, the effect of bFGF gene therapy for ACL repair remains unknown. To date, numerous studies have reported positive effects of bone morphogenetic protein 2 (BMP2) on healing after ACL reconstruction[@b13][@b14]. Kohno *et al.* reported that endogenous bFGF and BMP2 were both found at the tendon-to-bone interface after ACL reconstruction in a rabbit model[@b15]: in their findings, bFGF was expressed at the first 3 weeks of graft incorporation, but was absent at the 12 weeks, which contributed to fibrous integration between the tendon and bone via vascularization during the early postoperative phases. BMP2 was expressed throughout the 12-week study period, which was responsible for remodeling process of the bone, leading to osseous integration between the tendon and bone. Low levels of growth factors might be partly responsible for the slow or weak healing responses in the injured tendons. These discoveries indicated that a combination of these beneficial genes might have additive roles to achieve optimal efficacy in the molecular network system of the tendon-bone interface. Despite the promising role of bFGF and BMP2, there are very few studies that have assessed the effects of single growth factor bFGF on healing, or the functional implications of the combination bFGF-BMP2 for ACL reconstruction. Furthermore, our previous study demonstrated the superiority of using multiple growth factors via gene transfer to treat experimental osteoarthritis[@b16]. Thus, it was reasonable for us to hypothesize that sustained delivery of bFGF and BMP2 by gene transfer at the tendon-to-bone insertion site could achieve the best biological and biochemical effects on healing after ACL reconstruction.

The purpose of this study was to investigate the efficacy of promoting tendon-to-bone healing using bone marrow-derived mesenchymal stem cells (BMSCs) that were genetically modified with bFGF and BMP2. We hypothesized that transplanted cells genetically modified with either bFGF alone or the combination of BMP2 and bFGF would significantly enhance the healing process and that the combined growth factors would achieve the best effects.

Results
=======

*In vitro* studies
------------------

### Infection of BMSCs with adenovirus

To determine the optimal infection efficiency of BMSCs with the proper dosage of adenovirus, BMSCs were infected with adenovirus encoding enhanced green fluorescent protein (EGFP). After 72 h, a high efficiency of BMSCs with adenovirus at MOI 40 was observed via fluorescence microscopy ([Fig. 1A](#f1){ref-type="fig"}). Furthermore, the percentage of EGFP-positive cells was 94.6% ± 3.24%, as demonstrated by flow cytometry analysis ([Fig. 1B](#f1){ref-type="fig"}).

### Gene expression levels and protein concentrations in the supernatants

To identify whether the BMSCs successfully expressed the transfected genes of interest, the mRNA and protein levels of the target genes were detected after 3 days using RT-PCR and ELISA, respectively. RT-PCR demonstrated the specific expression of BMP2 in the AdBMP2 and AdBMP2-plus-AdbFGF groups and the specific expression of bFGF in the AdbFGF and AdBMP2-plus-AdbFGF groups ([Fig. 2A](#f2){ref-type="fig"}). Furthermore, in accordance with the increased mRNA expression, the protein concentrations in the supernatant also increased. The concentrations of BMP2 were higher in the AdBMP2 group (2102.74 ± 154.03 pg/ml) and AdBMP2-plus-AdbFGF group (2201.97 ± 178.75 pg/ml) than in the control group (207.89 ± 40.23 pg/ml) and AdEGFP group (178.82 ± 53.30 pg/ml) ([Fig. 2B](#f2){ref-type="fig"}). The concentrations of bFGF were higher in the AdbFGF group (3164.60 ± 52.00 pg/ml) and AdBMP2-plus-AdbFGF group (3257.35 ± 136.00 pg/ml) than in the control group (144.15 ± 31.22 pg/ml) and AdEGFP group (139.80 ± 18.77 pg/ml) ([Fig. 2C](#f2){ref-type="fig"}).

### Assay of cell viability

To gain further insight into the viability of the adenovirus-infected BMSCs, cell proliferation was analyzed. There were no obvious differences among the groups in the viability of infected BMSCs on day 1 ([Fig. 3](#f3){ref-type="fig"}), indicating that adenovirus infection had no detrimental effect at the indicated MOI. BMSCs proliferation was greatly enhanced in the AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups compared to the control group after 3 days, whereas no difference was observed between the control and AdEGFP groups ([Fig. 3](#f3){ref-type="fig"}).

*In vivo* studies
-----------------

### Histological examination

Histological images obtained at 4 weeks after surgery revealed no evidence of acute inflammatory response to the adenoviral vectors at the tendon-to-bone interface. In the AdEGFP group, the histology of most regions showed some disorderly arranged porous fibrous tissues between the tendon and bone tunnel ([Fig. 4A](#f4){ref-type="fig"}). In the AdBMP2 group, a narrow zone of newly formed matrix resembling chondro-osteoid was seen along the bone tunnel ([Fig. 4B](#f4){ref-type="fig"}). In the AdbFGF group, the formation of a broad fibrovascular interface and perpendicular collagen fibers along the load axis was observed, followed by newly formed vessels in the graft substance ([Fig. 4C](#f4){ref-type="fig"}). In the AdBMP2-plus-AdbFGF group, a broad zone of newly formed matrix resembling chondro-osteoid, as well as some large vessels, was noted at the interface ([Fig. 4D](#f4){ref-type="fig"}).

At 12 weeks postsurgery, a gradual reestablishment of collagen fiber continuity perpendicular to the load axis between the tendon and bone was noted in the AdEGFP group ([Fig. 4E](#f4){ref-type="fig"}). A transition from tendon to non-mineralized fibrocartilage and mineralized cartilage was observed in the AdBMP2 ([Fig. 4F](#f4){ref-type="fig"}), AdbFGF ([Fig. 4G](#f4){ref-type="fig"}), and AdBMP2-plus-AdbFGF ([Fig. 4H](#f4){ref-type="fig"}) groups. Additionally, the AdBMP2-plus-AdbFGF group had a broader area of cartilage-like cells than the AdBMP2 or AdbFGF group. Moreover, some microvessels were found at the interface in the AdbFGF and AdBMP2-plus-AdbFGF groups.

### Micro-CT analysis

The mean areas of the bone tunnel in the AdEGFP, AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups were 3.31 ± 0.27 mm^2^, 3.29 ± 0.27 mm^2^, 3.30 ± 0.13 mm^2^ and 2.99 ± 0.16 mm^2^, respectively, at 4weeks ([Fig. 5A--D](#f5){ref-type="fig"}) and 1.34 ± 0.08 mm^2^, 0.94 ± 0.06 mm^2^, 1.04 ± 0.16 mm^2^ and 0.53 ± 0.10 mm^2^, respectively, at 12 weeks ([Fig. 5E--H](#f5){ref-type="fig"}). There was no significant difference among the groups at 4 weeks. At 12 weeks, the area of the AdbFGF group showed a decreased tendency (P = 0.1), but the areas of the AdBMP2 and AdBMP2-plus-AdbFGF groups were significantly smaller than that of the AdEGFP group. In addition, the AdBMP2-plus-AdbFGF group exhibited a substantially smaller area than the AdBMP2 and AdbFGF groups, but there was no significant difference between the AdBMP2 and AdbFGF groups ([Fig. 5I](#f5){ref-type="fig"}).

### Mechanical evaluation

The mean values of the maximum load of grafted-tendon failure in the AdEGFP, AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups were 6.59 ± 1.15 N, 15.01 ± 1.94 N, 14.16 ± 1.64 N and 26.16 ± 2.89 N, respectively, at 4 weeks and 12.25 ± 2.49 N, 21.85 ± 2.76 N, 21.16 ± 2.84 N and 39.39 ± 6.72 N, respectively at 12 weeks ([Fig. 6C](#f6){ref-type="fig"}). The maximum loads of the AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups were significantly higher than that of the AdEGFP group. In addition, the AdBMP2-plus-AdbFGF group exhibited a substantially higher maximum load than the AdBMP2 and AdbFGF groups, but there was no significant difference between the AdBMP2 and AdbFGF groups at either 4 or 12 weeks.

The mean stiffness values of the reconstructed ACLs in the AdEGFP, AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups were 1.62 ± 0.31 N/mm, 4.26 ± 0.64 N/mm, 4.00 ± 0.62 N/mm, and 7.53 ± 0.69 N/mm, respectively, at 4 weeks and 2.64 ± 0.24 N/mm, 6.15 ± 0.53 N/mm, 6.01 ± 0.32 N/mm and 11.39 ± 1.22 N/mm, respectively, at 12 weeks ([Fig. 6D](#f6){ref-type="fig"}). The stiffness values of the AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups were dramatically greater than that of the AdEGFP group. In addition, the AdBMP2-plus-AdbFGF group displayed considerably greater stiffness than the AdBMP2 and AdbFGF groups, but there was no significant variation between the AdBMP2 and AdbFGF groups at either 4 or12 weeks.

Discussion
==========

To our knowledge, this report is the first demonstration of the therapeutic potential of gene therapy using adenoviral-mediated BMSCs expressing BMP2 and bFGF for healing after ACL reconstruction. The healing effect was due to the formation of cartilage-like cells at the interface, a smaller bone tunnel area and stronger ultimate load and stiffness. Furthermore, the effects of combinatorial BMP2 and bFGF gene therapy were more powerful than those of single gene therapy in accelerating tendon-to-bone healing. These findings suggest the potential of the co-application of growth factors in gene therapy to biologically and functionally improve the regeneration of the tendon-to-bone interface.

There were two types of tendon-to-bone insertions about the healing of ACL reconstruction: indirect and direct insertions. In indirect insertions, the graft directly contacts the bone tunnel through Sharpey's fibers, whereas direct insertions are characterized by a layered chondral formation at the graft-bone interface[@b17]. In the AdbFGF group, we noted a broad fibrovascular interface at 4 weeks, followed by the formation of cartilage-like cells at 12 weeks, suggesting a shift from an immature to a mature state of tissue regeneration over time. Tozer *et al.* indicated that bFGF was one of best-characterized growth factors for tissue repair, and its major action was promotion of collagen production, tendon development, and proliferation of tenocytes[@b18]. Kohno *et al.* found that bFGF contributed to fibrous integration between the tendon and bone via vascularization during the early postoperative phases[@b15]. Besides, Tang *et al.* revealed that the introduction of bFGF gene to the tendon could promote expression of a series of growth factor genes, such as transforming growth factor (TGF) β1, vascular endothelial growth factor (VEGF), and connective tissue growth factor within the tendon healing period[@b19]. Moreover, Steinert *et al.* demonstrated that ACL cells expressed stem cell markers and were able to undergo multi-directional differentiation[@b20]. Haddad-Weber *et al.* revealed that ACL fibroblasts were more efficient for induction differentiation than mesenchymal stem cells[@b21]. Consequently, the histological effects of bFGF on tendon-to-bone healing in the present study seem to be predominantly attributable to stimulation of the proliferation and cartilage-like differentiation of mesenchymal cells as well as fibroblasts of the grafts, in which bFGF might act as a factor initiating a cascade of events to enhance the release of additional factors. Meanwhile, we also observed some micro-vessles at the interface at 4 weeks and in the substance of the graft at 12 weeks. Mifune *et al.* reported that the transplanted ACL-derived CD34 + cells could promote angiogenesis not only in the outside of the grafts but also the interior of the grafted tendon due to the migration, endothelial differentiation and the VEGF secretion[@b22]. Woad *et al.* showed that bFGF could promote endothelial cells migration, proliferation and induce vascular sprouting[@b9]. Thus, we considered that endothelial differentiation and bFGF secretion appeared to be key mechanism for promoting angiogenesis in our findings.

In the AdBMP2 group, the histological analysis showed a zone of newly formed matrix resembling chondro-osteoid at week 4 and cartilage-like cells at week 12 at the tendon-to-bone interface. Martinek *et al*. found similar results using BMP2 gene transfer in a tendon-to-bone healing model[@b23]. These findings correlated closely with the biological role of BMP2 as a stimulus, suggesting that BMP2 might increase the proliferation of implanted BMSCs, induce differentiation into fibrocartilage-like cells and promote the shift from non-mineralized fibrocartilage to mineralized cartilage.

Not only was the local tissue at the interface examined microscopically, but the newly formed mineralized tissue was also analyzed to discern the subtle changes. In order to show higher sensitivity for bone tunnel measurement during early stage of reconstruction, micro-CT was used to evaluate the postoperative bone tunnel, which ensured the accuracy and precision of the location of a series of bone tunnel cross sections by coronal, sagittal and axial inspection, without any postural variation[@b24][@b25][@b26]. The micro-CT evaluation at 4 weeks showed that although the bone tunnel areas exhibited no obvious differences among the groups, they were smaller in the AdBMP2 and AdbFGF groups at 12 weeks. These findings are consistent with the report of Sasaki *et al.*[@b24], who noted using micro-CT analysis that the tibial bone tunnel was significantly smaller in the granulocyte colony-stimulating factor group due to the differentiation and activation of osteoblasts accumulated at the bone tunnel surface. Martinek *et al.* also reported similar results: BMP2 gene transfer significantly improved the integration of semitendinosus tendon grafts in bone tunnels by increasing osteoblast activation in the formation of a chondro-osteoid matrix[@b23]. Both bFGF and BMP2 can promote the differentiation of BMSCs into osteoblasts and can promote osteoblast activity[@b27][@b28][@b29][@b30]. Regarding our results, a possible reason for these changes might be that both bFGF and BMP2 increased the activity of osteoblasts and promoted tissue remolding and mineralization at the tendon-to-bone interface.

According to the biomechanical assessment, the ultimate load and stiffness of the AdbFGF and AdBMP2 groups was increased at 4 weeks and 12 weeks. In our opinion, the improved mechanical properties at 4 weeks correlated with the histological changes, which allowed for the lack of obvious bone tunnel ingrowth observed by micro-CT at this time point. This finding suggests that during the early healing period, the establishment and arrangement of collagen fiber continuity between the graft and bone tunnel could promote mechanical strength. Subsequently, the differentiation of local cells, tissue remolding and accompanying osseous ingrowth at 12 weeks contributed to the stronger mechanical properties. Other studies have reported parallel results regarding the mechanical properties of grafts after ACL reconstruction[@b13][@b26][@b31].

Notably, the AdBMP2-plus-AdbFGF group exhibited the broadest zone resembling the native insertion of the tendon-to-bone interface and the smallest bone tunnel area at 12 weeks, as well as the greatest mechanical strength, suggesting synergistic effects of BMP2 and bFGF on the healing process. Our results parallel those of Wang *et al.*, who claimed that the combination of BMP2 and bFGF was more effective than either factor alone at promoting the formation of new bone[@b32]. It has been reported that BMP2 can also induce bFGF expression *in vivo*[@b33] and that the combination of BMP2 and bFGF could significantly promote BMSCs to differentiate into osteoblasts and promote osteoblast activity[@b30][@b34]. Hence, a possible mechanism mediating the synergy in our findings might be as follows: first, BMP2 and bFGF could enhance the synthesis of each other. Then, BMP2 and bFGF might promote the proliferation and differentiation of both BMSCs and cells derived from the surrounding marrow cavity. Finally, bFGF and BMP2 could facilitate the maturation and mineralization of collagen fibers and the remodeling of the bone tunnel to advance biological integration at the interface. The superiority of two growth factors by gene transfer was also demonstrated by Wei *et al.*, who reported that the co-expression of TGF β1/VEGF165 was more efficient and powerful than single gene therapy in promoting the healing of reconstructed ACL[@b35].

Our study has several limitations. First, this preliminary study was conducted to evaluate the ability of growth factors to accelerate early healing because constructed grafts are liable to fail at the tendon-to-bone attachment site. However, it will be necessary in the future to observe whether the histological and biomechanical differences observed among the groups remain the same or diminish over time. Furthermore, the precise mechanisms by which these two growth factors regulate healing after ACL reconstruction have not been elucidated.

In conclusion, our results reveal that BMSCs genetically modified with bFGF could augment healing after ACL reconstruction. Furthermore, the synergistic effects of BMP2 and bFGF were greater than that of a single gene during this process. Based on the present study's thorough investigation of the biological healing process after ACL reconstruction, we firmly believe that suitable growth factors that are capable of transducing a series of signals in a distinct spatial and temporal pattern may recreate the structure and composition of the native direct tendon-to-bone interface, which provides a promising strategy for future studies.

Material and Methods
====================

*In vitro* studies
------------------

### Cell isolation and culture

Four healthy, adult male New Zealand white rabbits (average weight, 1.0 kg) were purchased from the Experimental Animal Department of Hubei Provincial Center for Disease Control and Prevention. After the rabbits were anesthetized, the femur and tibia were harvested and removed metaphysis of both sides with rongeur under sterile condition. Bone marrow from all donors was mixed and collected together by flushing the femur and tibia with medium and centrifuging the flushed liquid at 1200 rpm for 8 min. The supernatants were discarded, and the cell pellets were resuspended in culture medium containing DMEM/F12 (Invitrogen, USA), 10% fetal bovine serum (Gibco, USA) and 100 units/ml penicillin-streptomycin, then followed by culture in a humidified 5% CO~2~ atmosphere at 37 °C. The medium was changed every 3 days. After proliferation, the adhesive cells, which were defined as BMSCs using a protocol described previously[@b36], were subcultured to passage 3 for the following experiments.

### Construction and infection of recombinant adenoviral vectors

To obtain adenoviral bFGF and BMP2, the entire human coding sequences of bFGF (480bp) and BMP2 (1.2 kb) were inserted into an adenoviral plasmid containing EGFP under the control of the cytomegalovirus (CMV) promoter. The produced vectors were designated AdbFGF and AdBMP2, respectively, and were reproduced according to procedures described in our previous study. The optimal multiplicity of infection (MOI) value was determined for the adenoviral infection of BMSCs in a preliminary experiment. Briefly, BMSCs were seeded and infected with adenoviral vectors at various MOIs. After 48 h, flow cytometry was used to identify the EGFP-expressing infected cells, which were captured at the optimal MOI under an inverted fluorescence microscope.

### Real-time PCR analysis and enzyme-linked immunosorbent assay (ELISA)

Total RNA was extracted from the cells 72 h after viral infection using Trizol reagent (Invitrogen, USA) following the manufacturer's instructions, and the RNA was converted to cDNA using the PrimeScript® RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). The BMP2 PCR primer sequences were as follows: forward AGTGGGTGCTGCTCTTCCTA and reverse ATGGGACACTCCTCTGTTGG. The bFGF PCR primer sequences were as follows: forward GTGTTACGGATGAGTGTTTCT and reverse CAGCTCTTAGCAGACATTGG. The housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal reference, and its primer sequences were as follows: forward ACGGATTTGGTCGTATTGGG and reverse TGATTTTGGAGGGATCTCGC. The PCR products were subjected to electrophoresis on 1.5% agarose gels. The cell supernatants were collected after infected BMSCs were cultured for 72 h. The concentrations of bFGF and BMP2 in the cell supernatants were determined using ELISA kits (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's protocols.

### Assay of cell viability

A cell proliferation assay was performed using tetrazolium compound based CellTiter 96^®^Aqueous One Solution Cell Proliferation (MTS) assay (Promega, Shanghai, China). BMSCs were seeded into wells of a 96-well plate at a density of 4 × 10^3^ and infected at the indicated MOI with adenoviruses. After 1 and 3 days of culture, a MTS assay was performed according to the manufacturer's instructions. Each experiment was performed and repeated 3 times.

*In vivo* studies
-----------------

### Animal study design

Thirty-two healthy, mature New Zealand white rabbits weighing an average of 2.5 kg (2.0--3.0 kg) were purchased from the Laboratory Animal Center of Wuhan University (Wuhan, Hubei, China). All of the following procedures were approved by and performed in accordance with the guidelines of the Ethical and Research Committee of the Medical College of Wuhan University. Both hind legs of each rabbit were used. ACLs were reconstructed with the semitendinosus, and approximately 1 × 10^7^ BMSCs that had been infected with the recombinant EGFP, BMP2, bFGF or BMP2-plus-bFGF adenovirus and immobilized in 0.2 ml of fibrin glue (Puji Biotechnology, Hangzhou, China) were injected into the tendon-to-bone interface. Based on the different BMSC treatments, the rabbits were randomly allocated to four groups (8 rabbits per group): the (1) AdEGFP, (2) AdBMP2, (3) AdbFGF, and (4) AdBMP2-plus-AdbFGF groups. Specimens were harvested from each group at 4 and 12 weeks postoperatively for biomechanical and histological analyses.

### Surgical procedure

The rabbit model of ACL reconstruction was established according to the protocols previously reported by Lim *et al.*[@b37][@b38]. Briefly, after anesthesia with an intravenous injection of 3% pentobarbital (30 mg/kg), the animals were fixed on the operation table in the supine position with their knees being able to flex freely to 90°. Both of the hind legs were shaved and aseptically prepared for surgery. A 4-cm-long medial parapatellar incision was performed to expose the knee joint. Patella was dislocated laterally and infrapatella fat pad was then removed to expose the joint cavity. ACL was excised from its femoral and tibial insertions. A 2.5-mm-diameter drill was used to create the femur and tibia tunnels through the original footprints of the ACL. The semitendinosus was dissected distally at the musculotendinous junction. After a weaving suture using 2-0 Ethibond (Ethicon, Shanghai, China), the graft was passed through the tunnels. The tunnels were irrigated with normal saline before application of experimental agents. A total of 1 × 10^7^ BMSCs that had been treated with corresponding adenoviruses one day prior and then immobilized in 0.2 ml of fibrin glue were evenly injected into the tendon-to-bone interface of each leg in rabbits of the four groups with a micro-syringe. The distal end of the tendon was then sutured to the periosteum using 2-0 Ethibond (Ethicon, Shanghai, China) on the femoral side with the knee at 30°of flexion. The wound was closed in layers. Postoperatively, the animal was returned to the housing cage and allowed to perform general activities. A prophylactic antibiotic (40 mg/kg penicillin) was administered intramuscularly for 7 days.

### Histological examination

Hematoxylin and eosin (H&E) staining was performed to evaluate the healing capacity of the tendon-to-bone interface after ACL reconstruction. The specimens were removed from the animal immediately after sacrifice. After removing the intra-articular graft, the intraosseous graft-bone complex was kept and fixed in 4% paraformaldehyde in a 0.1 M phosphate-buffered solution for 72 h. Then, each sample was decalcified in 0.5 M ethylenediaminetetraacetic acid, dehydrated in a graded series of ethanol, and embedded in paraffin. The samples were sectioned using a microtome (Leica Instrument Co., Ltd., Shanghai, China) parallel to the longitudinal axis of the tibial tunnel with a thickness of 5 μm. These sections were stained with H&E, and the tendon-to-bone interface was examined under light microscopy (Olympus, Tokyo, Japan).

### Micro-CT analysis

Using multiplanar reconstruction, micro-computed tomography (CT) (μCT-40, Scanco Medical, Brüttisellen, Switzerland) images were obtained to assess multiple sections of bone tunnel. The examination protocol was performed as previously described[@b24][@b26]. The areas of the vertical plane across the axis of the bone tunnel were measured at a depth of 5 mm from the tibial joint surface. The X-ray levels were 70 kV and 114 μA. Each area was measured three times with image analysis software (ImageJ; National Institutes of Health), and the average value was used for analysis.

### Biomechanical testing

Knee samples with the femur and tibia kept at a length of 50 mm from the joint were harvested from the animal immediately after sacrifice and frozen at −80 °C until testing. The specimens were thawed overnight at room temperature, and then the femur--ACL graft--tibia complex was separated by resecting the attached soft tissue. The sutures that were used to fix the grafts were also removed before testing. Biomechanical testing was performed using a materials testing machine (805, Instron Co., Norwood, MA, USA). The complex was fixed between the U-shaped clamps with 45° of knee flexion to ensure that the pulling force was parallel to the axis of the graft, with a displacement rate of 10 mm/min. The ultimate failure load and stiffness were determined from the load-displacement curve.

### Statistical Analysis

The results of the quantitative assays were expressed as the means ± standard error of the mean (SEM). A one-way analysis of variance (one-way ANOVA) was used to compare differences in the quantitative results from the groups at weeks 4 and 12, followed by a post-hoc Holm-Sidak test using SPSS 17 (SPSS Science Inc., Chicago, Illinois) to determine which two of the four groups differed significantly. P \< 0.05 was considered statistically significant.
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![Determination of the adenoviral infection efficiency of BMSCs.\
(**A**) A photograph of transfected BMSCs was obtained under fluorescence microscopy. Scale: 300 μm. (**B**) The infection efficiency was quantified using flow cytometry.](srep25940-f1){#f1}

![Adenovirus-mediated bFGF and BMP2 gene expression levels and protein concentrations in the supernatant.\
(**A**)The BMP2 and bFGF mRNA expression levels in transfected BMSCs at 72 h were analyzed by RT-PCR. The protein concentrations of BMP2 (**B**) and bFGF (**C**) were determined by ELISA. The bar represents the mean ± SEM of three independent experiments. \*P \< 0.05 and \*\*P \< 0.01 compared to the control group.](srep25940-f2){#f2}

![Analysis of viability of BMSCs using the MTS method.\
BMSCs were infected with various adenoviruses, after which their proliferation on days 1 and 3 was determined using the MTS assay. The bar represents the mean ± SEM of three independent experiments. \*P \< 0.05 and \*\*P \< 0.01.](srep25940-f3){#f3}

![Histological evaluation of the tendon-bone interface by hematoxylin and eosin (H & E) staining at weeks 4 and 12 after surgery (200×).\
Black arrows mark the fibrocartilage-like cells, and white arrows mark the microvessels. The figure represents the histology of the tendon-to-bone interface in the AdEGFP, AdBMP2, AdbFGF and AdBMP2-plus-AdbFGF groups at both week 4 (**A--D**) and week 12 (**E--H**) after surgery. B: bone; T: tendon; IF: interface. Scale: 25 μm.](srep25940-f4){#f4}

![Micro-CT image of each group at 4 and 12 weeks postoperatively.\
Green circles mark the bone tunnel. The areas of the bone tunnel were scanned among the AdEGFP, AdBMP2, AdbFGF, and AdBMP2-plus-AdbFGF groups at both 4 weeks (**A--D**) and 12 weeks (**E--H**). Quantitative analysis of the bone tunnel areas was performed at both 4 and 12 weeks (**I**). The bar represents the mean ± SEM, n = 6. At 4 weeks, there was no difference among the groups. At 12 weeks, f vs. e, P = 0.04; f vs. g, P = NS; g vs. e, P = 0.1; h vs. e, P \< 0.01; h vs. f, P = 0.04; and h vs. g, P = 0.01.NS = no significance. Scale: 5 mm.](srep25940-f5){#f5}

![Mechanical examination of graft-bone healing in a rabbit model at 4 and 12 weeks after surgery.\
(**A**) The femur-graft-tibia was mounted in the clamps, and mechanical testing was performed. (**B**) A typical load-displacement curve was generated from the biomechanical test. (**C**) Maximum load at 4 and 12 weeks. (**D**) Stiffness at 4 and 12 weeks. The bar represents the mean ± SEM, n = 6. Maximum load: Week 4: b vs. a, P = 0.03; b vs. c, P = NS; c vs. a, P = 0.04; d vs. a, P \< 0.01; d vs. b, P \< 0.01; d vs. c, P \< 0.01. Week 12: f vs. e, P = 0.04; f vs. g, P = NS; g vs. e, P = 0.04; h vs. e, P \< 0.01; h vs. f, P = 0.03; h vs. g, P = 0.02. Stiffness: Week 4: b vs. a, P = 0.01; b vs. c, P = NS; c vs. a, P = 0.02; d vs. a, P \< 0.01; d vs. b, P \< 0.01; d vs. c, P \< 0.01. Week 12: f vs. e, P = 0.03; f vs. g, P = NS; g vs. e, P = 0.03; h vs. e, P \< 0.01; h vs. f, P \< 0.01; h vs. g, P \< 0.01. NS = no significance.](srep25940-f6){#f6}
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